Abstract-In this communication, we introduce a channel model for personal radar applications where a millimeter-wave (mm-wave) massive array is required to scan the environment and to reconstruct a map of it. The analysis is based on measurement campaigns, in a corridor and in an office room, performed using mm-wave massive arrays. In such a context, we aim at characterizing the channel from both a temporal and an angular perspective by exploiting a 2D CLEAN-like technique to extrapolate the multipath components and a K-means algorithm for clustering, where centroids statistics depend on the environment contour. The obtained channel model can be exploited for mapping algorithms based on backscattered radar measurements.
I. INTRODUCTION Nowadays, new intriguing technologies are a matter of study for the next fifth generation (5G) wireless mobile networks, as real-time data transfer might be enabled at an unprecedented scale. For example, the joint adoption of massive arrays and millimeter-wave (mm-wave) technology will pave the way for the next 5G communications scenarios, especially for those which rely on the integration of a large number of antennas onto mobile devices [1] , [2] . In this context, the concept of personal radars has been recently proposed enabling simultaneous localization and mapping features and exploiting the compactness and the beamforming potentialities of mm-wave massive arrays [3] , [4] . In fact, thanks to the narrow beam formed, the electronic scanning process achieves an accuracy comparable to that of laser-based radars with the additional advantage of avoiding mechanical steering and of operating even in non line-of-sight and poor visibility conditions. From a technological point-of-view, the adoption of transmitarrays (TAs) using only a few bits for phase compensation has been investigated considering the impact of the antenna radiation pattern on the map reconstruction [5] . The performance of the personal radar system depends on the ability of collecting the environmental backscattered response at the radar interrogation signal and, then, on the exploitation of such measurements as an input for the mapping algorithm. As a consequence, the characterization of the indoor mm-wave backscattering channel becomes essential to statistically describe the channel properties for mapping applications.
In this communication, the joint delay and angular indoor backscattering mm-wave channel is characterized by exploiting measure- ments collected adopting TAs in two typical office environments at CEA-Leti (Grenoble) premises (office room and corridor). When considering wideband backscattering channels, only ultrawide bandwidth channels for passive radio frequency identification (RFID) applications were characterized [6] , where both the tags and clutter responses to the probe signals have been considered. Contrarily, in this paper, we adopt a system emulating personal radars and consisting of two identical massive arrays in quasi-monostatic configuration as represented in Fig. 1 . Differently from RFID, where antenna elements (e.g., tags) are disseminated in the environment, here, the radar channel characterization is focused on the environment backscattered response. Furthermore, while many works deal with traditional mmwave channels for communication, such as [7] [8] [9] [10] [11] [12] , there is not an extended literature available on mm-wave backscattering channel, apart from a preliminary characterization in [13] . Thus, since a new channel characterization is required, starting from the collected backscattered measurements, the first step followed in the analysis has been to identify the multipath components (MPCs) adopting a CLEAN-like algorithm. In this perspective, several approaches have been already proposed in literature in order to retrieve the number of paths and their characteristics [14] [15] [16] . Specifically in [16] , a point-spread-function is exploited to iteratively clean the measured data along the angular and temporal dimension. Inspired by this approach, we propose a variant of the CLEAN technique, which lets to discriminate angular and time components from the knowledge of the array radiation characteristics [17] .
Second, a modified K-means algorithm has been applied in order to identify clusters. In particular, the K-means method permits to collect in clusters the MPCs previously determined, starting from a prior guess on the total number of clusters [18] . The approach is based on the computation of distances between the MPCs and the iteratively estimated clusters centroids. The version adopted in this communication is also extended to the angular domain [18] , [19] .
Finally, a map-related channel model is proposed. In particular, the most significant angular and temporal intra-cluster parameters are derived, and the inter-cluster statistics are related to the map with the 0018-926X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. objective of reproducing the channel once the environment geometry is given as happens for mapping applications. The rest of this communication is organized as follows. Section II reports the description of the measurement campaign. In Section III, we describe the backscattering channel model, the algorithm used for the MPCs and clusters selection, and the relative results. Section IV describes the map-related inter-clustering, while Section V details the intra-cluster modeling and the consequent results. Finally, Section VI draws the conclusions.
II. INDOOR MEASUREMENT CAMPAIGNS
In order to assess the temporal and angular channel characteristics for different radar positions, we conducted measurement campaigns in two different scenarios, an office room and a corridor, reported in Fig. 2 .
The measurement setup consists of a four-ports Vector Network Analyzer operating in the frequency range 10 MHz-24 GHz; 2 mmwave converters in 50−75 GHz; two linearly polarized TAs (size 20× 20, 1 bit, and focal ratio F/D = 0.5, where F is the focal distance and D is the array diameter) [20] ; and an X-Y-Azimuth positioner.
A quasi-monostatic configuration has been considered with the TAs spaced apart of 0.16 m in order to mitigate the antenna coupling and to separate the transmitting and receiving channels. Specifically, as we can see in Fig. 2 , where the plans of the office and the corridor are reported, measurements have been collected in 10 and 12 different positions spaced of 0.405 m in accordance to the mechanic movements allowed by the adopted X-Y-Azimuth positioner, in the frequency range between 57.5-63.5 GHz with a step of 5 MHz. 1 For each measurement point, the X-Y-Azimuth positioner permits to rotate the radar in the semiplane from −90 • to 90 • with a step of 5 • (in accordance to the half power beamwidth (HPBW) of the TA used) in order to emulate the beamforming operation. Fig. 3 shows two photos taken during the measurements campaigns.
The TA used for measurements is fully described in [20] . In particular, the TAs herein adopted are composed of a focal source illuminating a planar array whose building blocks are called unitcells. Thanks to the spatial feeding architecture, it is possible to focalize the beam in a desired direction, to obtain a high gain, and to reduce the loss due to the feeding network compared to the classical phased arrays. In our specific measurements, 20 × 20 unit-cells are considered each with a size of 2.5 × 2.5 mm 2 (i.e., the spacing between antennas is set to λ 0 /2 = 2.5 mm where λ 0 is the wavelength at f 0 = 60 GHz). As previously introduced, the TAs herein adopted are non-reconfigurable because the phase shift associated with each unit-cells is fixed once the array is realized. The considered TA Given this array structure in [20] , the results of simulations and measurements report a maximum gain of 23.3 dBi, a directivity, spillover loss, and power efficiency equal to 26 dBi, 2.24 dB, and 53.6%, respectively.
As previously mentioned, such array characteristics are matching with the personal radar need to have extremely high directive antennas in order to scan the environment. For each position and each TA steering direction, the S-matrix was measured in the considered frequency band. Then, the measured S 21 ( f ) was reported in timedomain through the inverse Fourier transform, and time gating was performed in order to suppress the coupling between the two arrays.
III. MULTIPATH ESTIMATION AND CLUSTERING
We now describe the considered channel model to represent the mm-wave backscattering channel for personal radar applications. Successively, we introduce the approach exploited to retrieve the MPCs and to identify the clusters.
A. Channel Impulse Response
To represent the considered antenna-embedded channel, we make use of a general model to take into account the joint temporal-angular domain [21] . In particular, thanks to the extremely narrow beam of the adopted antennas, we can associate the angle-of-arrival (AOA)/angle of departure (AOD) with the considered steering direction. Consequently, once considered all the steering directions, the ideal channel impulse response for each radar position can be written as [7] 
with i = 1, . . . , N pos and where N pos is the number of radar positions shown in Fig. 2 , L is the number of clusters, and K l is the number of rays per cluster. T l and l are the delay and AOD-AOA related to the lth cluster (centroid), τ kl and φ kl are the delay and AOD-AOA of the kth ray of the lth cluster. In the following, we will consider a map-based model where the inter-cluster delay will be related to the environment perimeter and indicated with τ p l . Moreover, in (1), the antenna-embedded channel has been approximated with the correspondent antenna de-embedded channel because of the highdirectivity of the arrays adopted and the mitigation of the sidelobes effects using the CLEAN-like approach as reported in the next sections. 
B. Multipath Components Estimation
Inspired by [22] , in this section, a new method for MPCs identification is introduced taking into account the arrays radiation characteristics. This algorithm starts from the definition of the power profile matrix for all the steering directions and temporal bins (joint power delay and angular profile) and it is based on the comparison between the local maxima of this map and a noise-based threshold. In order to identify the most significant components, we define a temporal and two angular windows, namely, τ , φ ML , and φ SL , respectively.
τ is the temporal window representing the presumed MPC duration. The two latter are set in accordance to the array pattern, as reported in Fig. 4-(left) . More specifically, φ ML accounts for the main lobe angular width (−10 dB), whereas φ SL considers the angles where the sidelobe level (SLL) is higher than a predetermined value, which in our case is SLL = G SL − G M = −20 dB, where G SL and G M are the sidelobe and maximum gain, respectively. Once the angular and temporal windows are defined, the 2D version of the CLEAN algorithm follows the hereafter enumerated steps.
1) For each radar position, build a map by putting together the power delay profiles (PDPs) associated with all the steering directions. 2) Find the maximum value P M in the PDPs map, and store its value, its delay, and angle. In Fig. 4 -(right), P M is represented as a red-colored entry of the space-time matrix. 3) Taking P M as a center point, set to zero all the samples in the rectangular area between φ ML and τ . According to Fig. 4 -(right), this means that P M and all the ceil-colored entries around it are zero. A new cleaned version of the map is obtained, where the local maximum is no more present. 4) Find if in the area comprised between φ SL and τ , there is any component with power 2 accounting twice the side-lobes effects because of the backscattering mechanism. k is a constant which lets to better balance the threshold according to the considered scenario. If the threshold is overcome, meaning that a new useful MPC has been found, move directly to step (5).
If not, set to zero the samples in the area comprised in φ SL and τ by taking the maximum peak as the center. This operation permits to verify whether the samples around the considered local maximum are artifacts due to side-lobes to be discarded or not. In fact, components whose correspondent power is above the threshold could arrive from useful steering directions and they should be collected. 5) If at least a value of the new version of the map is above a predefined threshold (e.g., a noise-based one), go to step (3). Otherwise continue to step (6). 6) The algorithm ends when the sum of the recorded MPCs powers reaches a threshold which has been considered to the 99% of the total power. The collected powers, delays and angles fully describe the MPCs that we are looking for. By operating in this way, the number of collected paths per position for the office room and the corridor is summarized in Table I . Results are obtained by setting, according to the TAs characteristics, φ ML = ±5 • and φ SL = ±40 • both centered in the maximum gain, and τ ≈ 1.5 ns estimated through the analysis of the TAs response. Figs. 5 and 6 report on the left the identified MPCs at the output of the described algorithm for radar positions p 1 and p 2 of the corridor and office room, respectively. A polar plot representation has been adopted where each MPC is indicated with a circle-shaped marker whose position with respect to the origin (i.e., to the radar position) depends on the estimated azimuthal AOA and distance from the radar, while its color represents its power in dB.
C. Clustering Method
In order to achieve a joint temporal and angular characterization of the channel clustering, for each position we consider all the previously collected MPCs. Specifically, we are interested in the estimation of the clusters number, amplitudes, and delays and directions. To this end, we exploit the MPCs retrieved with the algorithm described in Section III as input for the K -means clustering algorithm for mmwave channels [15] . Note that the significance criterion herein used permits to establish when a cluster power is insignificant by means of a comparison between the power of each cluster and the total channel power (i.e., cluster power threshold criterion). In our case, this threshold power value is set to the 0.5% of the overall power.
Once the number of clusters has been determined, the K -means computes the distances between all the MPCs and the centroids of each cluster, allocates the MPCs to the closest centroid, and updates the estimated centroids parameters. In this way, the centroid delay and AOA relative to the lth cluster is given bȳ
where C l represents the set of the MPCs belonging to the lth cluster, K l = |C l | is the cardinality of C l , and P kl is the power associated with the kth MPCs of the lth cluster. Once clusters are evaluated, the second step is to remove the isolated MPCs which are far from the correspondent centroid (MPCs pruning). To this purpose, the components with a temporal distance greater than 14 ns (around 2 m) or an angular distance greater than 60 • from the relative centroids are removed. Table II reports the number of estimated clusters per position for the two environments, whereas the clustering of MPCs are reported in Figs. 5 and 6 (right), respectively. In these polar plots, each cluster is displayed with a different color and the yellow marker is the correspondent estimated centroid.
In the next sections we will describe the statistical properties of inter and intra-cluster temporal and spatial parameters.
IV. MAP-RELATED CHANNEL MODEL AND RESULTS
From a mapping process point-of-view, we are interested in being aware of the clusters distribution and arrival rate along the perimeter of the environment that we aim to map. In fact, differently from the literature, it is important to connect the clusters and paths statistics to the environments layout. To this end, we investigate the cluster interarrival along the perimeter and the distance from it. Fig. 7 illustrates the two inter-cluster parameters to be characterized: by considering a certain perimeter contour, the first step is to associate each cluster centroids with the closest perimeter edge, second, the distance of the considered centroid from the associated edge is evaluated (hereafter indicated as T fitting curve is reported, it is possible to find that the inter-cluster arrival rate is exponentially distributed. As a consequence, we can write
where represents the clusters inter-arrival rate along the perimeter. Based on measurements results, we found = 0.11 [1/ns] for the office room and = 0.21 [1/ns] for the corridor.
2) Cluster Centroids' Distance From the Perimeter: For what the cluster centroids' distance from the perimeter is regarded, we consider the standard deviation of cluster distances from the environment perimeter indicated with σ T . From the results, it has been found σ T = 5.02 [ns] for the corridor and σ T = 6.22 [ns] for the office room, as reported in Table III. The two obtained metrics are interesting for generating clusters along the perimeter according to the found distribution, once the environment geometry is given. In fact, can be exploited to model the clusters arrivals along the perimeter, whereas σ T gives a statistical information about the distance between the clusters' centroid and the environment contour. Thus, from the knowledge of a perimeter, it is possible to generate clusters which could be exploited to reconstruct the channel environment for radar applications.
Note that a fair comparison with the inter-cluster arrival rates reported in the literature is not possible as, differently from classical approaches, we have adopted a map-based channel model, where cluster centroids' statistics are related to the perimeter.
V. INTRA-CLUSTER MODEL AND RESULTS
We now describe the intra-clustering results, which were analyzed for each position in the two environments.
A. Intra-cluster Parameters
For what the intra-cluster parameters is concerned, we are interested in characterizing the temporal and spatial statistical properties of the rays inside a cluster. As the first step, we consider the cluster angular and delay spread, which can be written as, respectively
To this purpose, Fig. 9 shows the relationship between clusters delay spread and angular spread for both the corridor and the office room. By observing the results, we can conclude that there is a moderate dependance of the two spreads, which is more pronounced in the office room environment.
Then, we will analyze the intra-cluster AOA and TOA behavior by taking as reference the cluster centroid regardless of the environment perimeter/shape. 1) Intra-cluster AOA: The intra-cluster angles are evaluated considering the difference between the angle of a ray with its respective centroid. Similarly, the intra-cluster AOAs could be described by a zero-mean Laplacian distribution [14] , [15] , as
where σ φ is the standard deviation. The CDF of data and the correspondent fitting curve is reported in Fig. 10 for both the corridor and the office room. In this case, the value of σ φ is 16.9 • for the office room and 18.5 • for the corridor, respectively. All the estimated parameters are gathered in Table III. The obtained values are similar to the values estimated in [15] . 2) Intra-cluster TOA: The intra-cluster TOA is evaluated by accounting for the delay of two consecutive paths. Similar to what experienced in the extended Saleh-Valenzuela model, it is possible to find that the intra-cluster arrival times can be described by the Poisson process. Taking into consideration the lth cluster, we can write
where λ is the ray arrival rate inside a cluster. This fact is corroborated by analyzing the fitting result reported in Fig. 11 , where the CDF of the measurements data and the exponential fitting curve are shown. The ray arrival rate is similar for the two environments, 0.44 [1/ns] for the office room and 0.43 [1/ns] for the corridor, as also reported in Table III . Note that such value is around the half to that reported in [15] , and both are smaller with respect to that estimated in the IEEE 802.15.3c, which is around 4 [1/ns].
VI. CONCLUSION
This communication proposes a channel model based on the results obtained through mm-wave backscattering channel measurement campaigns using high-directive massive arrays for personal radar applications. Measurements took place in indoor environments, i.e., an office room and a corridor. Based on data collected from different radar positions and steering directions, a MPCs selection CLEAN-like mechanism and a clustering algorithm have been proposed. Results have shown that a Laplacian distribution can be used to describe the intra-cluster AOA, while an exponential distribution better fits for the intra-cluster TOA. Differently from the literature, for the inter-cluster parameters, a model related to the environment geometry has been introduced for mapping purposes. Consequently, the inter-cluster arrival rate along the perimeter and the temporal distance from it have been investigated from a statistical point-of-view. Operating in this way, thanks to the given channel characterization, we envision the possibility to statistically reproduce the clusters and paths distribution once the environment geometric characteristics are given, as it is required for environment mapping applications.
